An experimental evaluation of CO 2 solubility in aqueous sodium L-prolinate (SP) solution was carried out using high-pressure solubility equipment at three different temperatures, 303.15, 313.15, and 333.15 K. The study was conducted over the pressure range from 2 to 60 bar for 30 wt. % SP solution. It was found that, the CO 2 loading (mole of CO 2 / mole of SP) decreases with increasing temperature, while it increases with increasing the pressure of gas. ANOVA analysis was carried out to determine the statistical significance of the solubility data with respect to temperature a nd pressure. The CO 2 loading of aqueous SP solution was also compared with MEA and aqueous sodium glycinate (SG) solution. It was observed that the aqueous SP solution has higher CO 2 loading capacity as compared to 30 wt. % MEA, and comparable with aqueous 30 wt. % SG solution.
Introduction
Absorption by chemical solvent is the widely used technology for CO 2 removal from various streams of gas. The solvents, which are commercially used for years, are alkanolamines such as monoethanolamine (MEA), diethanolamine (DEA), triethanolamine (TEA), methyldiethanolamine (MDEA) [1] . After the long-term research, various issues were identified with the use of alkanolamines solvents. These issues include thermal and oxidative degradation, limited CO 2 loading, shorter life, corrosion, high volatility, and high regeneration energy. [2] [3] [4] [5] .
acid salts is also higher than the alkanolamines, such as MEA [1, 5, 6, 8, 9] . The potential advantages of amino acids for CO 2 capture have motivated us to further investigate the amino acid salts for CO 2 Various studies on the solubility of CO 2 in aqueous potassium salts of amino acids are available in the literature. Solubility of CO 2 in potassium salts of amino acids such as taurine, glycine, threonine, L-proline, and sarcosine have been studied and reported in the literature [10] [11] [12] [13] . Most of the studies have been carried out on potassium salts of amino acids; very few studies are available on sodium salts of amino acid such as sodium L-prolinate (SP) [5] [6] [7] . Salt of L-proline has been identified as potential solvent for CO 2 capture with fast kinetics and high loading capacity than MEA and DEA [14] . Despite the significant potential of this amino acid, very limited studies are available in the literature. Solubility of CO 2 in aqueous potassium salt of L-proline has been reported in the literature [12] . However, no data on CO 2 solubility in aqueous SP solution is available in the literature. Only physical properties of SP have been reported [15] . Figure 1 shows the chemical structure of SP. Since, the solubility of CO 2 in aqueous SP solution is very crucial for the design and development of CO 2 removal process [13] . Moreover, the available studies on CO 2 solubility are limited to low pressure conditions. None of the study has been conducted at high pressure. The CO 2 solubility data for aqueous SP solution at high-pressure conditions are also very crucial for the design and development of high-pressure CO 2 removal process [13] . Therefore, in this study, the experimental solubility of CO 2 in aqueous SP solution at various temperatures (303.15, 313.15, and 333.15 K) over the pressure range from 2 to 60 bar have been carried out. The results of this study will be useful for developing and designing the CO 2 absorption system for low and high-pressure operations, especially at offshore conditions.
Materials and Method
Nitrogen and carbon dioxide (99.99 % purity) were purchased from Air products Malaysia Sdn. Bhd. L-proline (>98% purity), sodium hydroxide (>99% purity) and monoethanolamine was purchased from Merck Malaysia Sdn. Bhd. The additional specifications of chemicals are given in Table 1 .
Aqueous 30 wt. % SP solution was prepared by taking an equimolar quantity of L-proline and sodium hydroxide [6, 15] . For the preparation of solution, double distilled water was used. Electronic balance (Sartorius, model BSA-224S-CW) was used for all weight measurements with an accuracy of ± 0.0001g. The experiments were carried out at three different temperatures i-e, 303.15, 313.15, 333.15 K, and pressure ranges from 2 to 60 bar. Experimental CO 2 solubility was measured using modified high-pressure solubility cell (Model, SOLTEQ BP -22) as shown in Figure 2 [6] . The same method was used as suggested in literature [6, 9] . The equipment consists of gas vessel (3L) and equilibrium cell (50 mL). Nitrogen was used to purge the gas vessel and equilibrium cell. Later, the gas vessel was pressurized with CO 2 from 2 to 60 bar. The system pressure was measured and controlled by digital pressure indicator (Model, Druck DPI 150) with an accuracy of ± 1.0 kPa, while the thermostat water bath (Julabo) was used for maintaining the temperature with an accuracy of ± 0.1 o C. However, for measuring the internal temperature of equilibrium cell and gas vessel, the digital thermometer (YOKOGAVA-7653) was used with accuracy of ± 0.01 o C. Vacuum was created in equilibrium cell, and the sample (about 5 mL) was transferred using metering pump. The temperature of cell was set to the desired value and the pressure was recorded. At this time, solvent exists under its own vapor pressure (Pv). Later, CO 2 was transferred to the equilibrium cell from gas vessel, and the stirrer was started to enhance the mass transfer during CO 2 absorption [9] . The procedure for calculating the CO 2 loading is given below [6, 9] . The values of pressure drop, volume of vessel, and temperature were used to calculate the moles of CO 2 (n CO2 ) transferred using Eq.
(1).
Where, V T is the volume of gas vessel, Z 1 and Z 2 are the compressibility factors for pressure (P 1 and P 2 ), R represents the real gas constant, and T is the temperature. The compressibility factors were calculated using Peng Robinson equation of state (EOS) [6] . The pressure was monitored continuously, and once there is no more drop in pressure values in equilibrium cell for at least 60 minutes, it was considered that the equilibrium is achieved and the measurement is completed. At this point, the value of pressure was recorded and equilibrium pressure (P CO2 ) was obtained using Eq. (2), in which P T is the total pressure and P v is the vapour pressure. The rest of the moles of CO 2 remaining in the gas phase, denoted by n g CO2 , were calculated by the Eq. (3).
Where V g represents the volume of gas in equilibrium cell, T denotes the temperature. The moles of CO 2 in the liquid phase were calculated using Eq. (4). (6) Where ρ denotes the density of aqueous SP, V l is the liquid volume in the cell, m SP is the SP mass fraction and M SP is the molecular weight of SP.
Calibration of experimental setup
The calibration of experimental setup is very important to obtain the reliable solubility data. Therefore, calibration was carried out using MEA (30 wt. %) at 313.15 K and various pressures. Figure 3 shows the comparison of experimental solubility of CO 2 in aqueous MEA with the literature data. It is evident from Figure 3 that there is a good agreement between experimental and literature data, which ensure the reliability of experimental results. 
Results and Discussion

Solubility of CO 2
In this work, the solubility of CO 2 in aqueous SP solution was measured from 2 to 60 bar pressure, and at temperatures, 303.15, 313.15 and 333.15 K. The graphical representation of CO 2 loading versus pressure at different temperatures for 30 wt. % SP solution is shown in Figure 4 . It was observed that the solubility of CO 2 (loading capacity of CO 2 ) increases with rising the pressure of the CO 2 , thus showing that the CO 2 loading is dependent on pressure. This is because the pressure of the gas increases the number of collisions between the gas molecules and the surface of the solution, therefore, more gas is dissolved as the pressure increased [16] . However, with increase in temperature, CO 2 loading decreases, as absorption of CO 2 involves an exothermic reaction, therefore by rising the temperature, the extent of chemical absorption reaction was reduced [5, 6, 9] . This trend is same as reported in the literature [5] [6] [7] [8] [9] [10] . 
Analysis of variance (ANOVA)
ANOVA technique was used to determine the significance and effect of each parameter such as temperature and pressure on the CO 2 loading capacity of the solvent. This technique is important for better statistical understanding of the experimental results, and used by many researchers [18, 19] . In this study, two-factor analysis without replication method in ANOVA was used to investigate the effect of temperature and pressure on CO 2 loading. The default value of significance level (alpha) was 0.05. The ANOVA results for solubility of CO 2 in aqueous SP solution are given in Table 2 . It can be observed from Table 2 that the F-values (5.319895 and 10.282733) are greater than the corresponding F crit -values (2.285235 and 2.485143). Moreover, the P-values (0.000329319 and 4.00161E-06) are smaller than the value of alpha (0.05). Therefore, taking into account of the above evidences, it can be resolved that the measured values of CO 2 solubility in aqueous SP solution are statistically significant [18, 19] . In addition, there is substantial influence of temperature and pressure on the solubility of CO 2 in aqueous SP solution [19] . 
Comparison of CO 2 solubility with other solvents
The CO 2 solubility data at high pressure is not available in the literature especially on aqueous amino acid salt solutions. Therefore, it was very difficult to compare the high-pressure solubility data reported in this work with the literature. Only single study available for aqueous SG solutions up to 25 bar [6] . Hence, CO 2 loading of aqueous 30 wt. % SP solution was only compared with 30 wt. % SG and 30 wt. % MEA, as shown in Figure 5 . It is apparent from Figure 4 that the present solvent has higher CO 2 loading than 30 wt. % MEA. However, CO 2 loading of aqueous SP and SG is comparable up to 30 bar. The better comparison could have been made if the high-pressure data on aqueous SG system were available. Based on the analysis of results in this study, aqueous SP solution could potentially be used as effective solvent for absorption of CO 2 from various gas streams at low and highpressure conditions. 
Conclusion
The experimental solubility of CO 2 in aqueous SP solution was investigated and reported in terms of CO 2 loading at high-pressure. It was observed that the CO 2 loading decreased with increasing temperature of the solution system. However, with increasing the pressure, the CO 2 loading increased, showing the pressure dependent behaviour. The outcomes of ANOVA analysis showed that the results of this study are statistically significant with substantial influence of temperature and pressure on the solubility of CO 2 . Moreover, based on the comparison of CO 2 loading with other solvents, the results suggested that the present solvent has better CO 2 absorption performance than 30 wt. % MEA, and comparable with aqueous 30 wt. % SG solution. Hence, aqueous SP solution can be used as effective CO 2 capture agent for low and high-pressure applications. The data obtained in this study could be useful for designing and developing the CO 2 absorption system. Further research is required on reaction mechanism and kinetic analysis of the present solvent for CO 2 removal, which will be carried out in our future work.
